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a  b  s  t  r  a  c  t
For  environmentally  transmitted  infectious  diseases  (ETIDs),  which  spread  through  the  con-
taminated  environment  (such  as foods,  surfaces  and  fomites),  there  is a lack  of  consensus
about  the  mathematical  approach  to derive  R0,  leading  to inconsistent  predictions  about  the
spread and  control  of  these  infections  in  their  host  populations.  The  objective  of  this  study
was  to explain  three  current,  though  conﬂicting,  approaches  to  derive  a theoretical  expres-
sion for R0  for  ETIDs  and  assess  their  validity  through  comparison  with  available  empirical
data.  Salmonella  Typhimurium  in laboratory  mice  was  used  as a  theoretical  and  empirical
model  system.  The  three  conﬂicting  theoretical  expressions  for R0  were  derived  using  the
next generation  matrix  approach  according  to three  unveriﬁed  hypotheses  about  the  role
of the  environmental  phase  in  the  transmission  of  ETIDs.  The  hypotheses  assume  that  the
environment  contaminated  with  a pathogen  is:  (H1)  an  extension  of  the  host’s  infectious
period,  (H2)  a reservoir  for  the  infectious  agent,  or (H3) has  both  of  these  characteristics.  For
the  parameter  values  describing  the  empirical  model  system,  the  theoretical  values  of R0
corresponding  to the hypotheses  H2 and  H3 were  very  similar  (1.38  and1.62,  respectively)
and  their  values  were  approximately  half  of  the  value  of R0 for hypothesis  H1 (2.94).  The
theoretical  R0 values  were  compared  with  an empirical  R0 (1.58,  95%  conﬁdence  inter-
val:  1.14,  2.02)  estimated  using  a Martingale  method  from  published  experimental  data  on
Salmonella  Typhimurium  transmission  in mice.  The  results  of the  comparison  suggested  that
hypothesis  H1 is unlikely  to hold true  but  it could  not  be  rejected  with  conﬁdence  because
of  uncertainty  in  the value  of  the  pathogen  growth  rate in  the environment.  The  hypothe-
ses  H2 and  H3 were  both  equally  strongly  supported  with  the  empirical  data  suggesting
that  either  of  them  could  be valid. A sensitivity  analysis  identiﬁed  critical  information  gaps
about the indirect  transmission  rate  of  infection  and  the  pathogen  growth  rate  in  the  envi-
ronment.  Moreover,  we  identiﬁed  experimental  conditions  for which  the  theoretical  R0
predictions  based  on  the  hypotheses  H2 and  H3 differ  greatly,  which  would  assist  their
discrimination  and conclusive  validation  against  future  empirical  studies.  Once  a valid  the-
oretical R0  is identiﬁed  for Salmonella  Typhimurium  in  mice,  its  generalizability  to  other
host–pathogen–environment  systems  should  be tested.  The  present  study  may  serve  as
a template  for  integrated
ETIDs.
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. Introduction
A considerable number of infectious agents affect-
ng animal populations are environmentally transmitted.
xamples include Escherichia coli O157:H7, Listeria mono-
ytogenes, Salmonella spp., Toxoplasma gondii,  Hepatitis E
irus, and Avian Inﬂuenza virus (D’Aoust, 1997; Doyle
t al., 1997; Frenkel, 1990; Kasorndorkbua et al., 2004;
itscherlich and Marth, 1984; Rocourt and Cossart, 1997;
tallknecht and Brown, 2008). Environmentally transmit-
ed infectious agents exhibit rich dynamics not only in
erms of interactions with their hosts but also with the
nvironment. During the environmental phase outside the
ost, these free-living pathogens (FLPs) survive, and may
ven replicate in the contaminated environment while
aiting for an opportunity to contact and infect a new
ost. For these FLPs, a contaminated environment, such as
ood, water, soil, objects, and contact surfaces, represent
 vehicle for transmission of the infection to susceptible
osts (Boone and Gerba, 2007; Caraco and Wang, 2008;
cott and Bloomﬁeld, 1990). The presence of FLPs in the
nvironment is continually replenished by infectious hosts
hat may  excrete the pathogen for a considerable amount of
ime through routes such as feces and urine. In contrast, the
atural decay of a pathogen and cleaning/decontamination
ractices shorten their survival in the environment. The
ate of FLP’s survival (and growth if applicable) is pathogen-
peciﬁc and strongly affected by environmental conditions,
uch as ambient temperature (Gautam et al., 2011; Wang
t al., 2014). In a contaminated environment, susceptible
osts interact with FLPs through opportunistic interac-
ions. Depending on the size of the infectious dose required
or colonization (ID50) and the extent of environmental
ontamination with the FLP, the infectious dose may  need
o be accumulated over multiple exposure events.
Infectious disease epidemiologists often utilize mathe-
atical models to develop and test hypotheses, integrate
ata, and guide disease control efforts (Kilpatrick and
ltizer, 2012). A cornerstone of this approach is using
athematical modeling to derive a theoretical expression
or the basic reproduction number, R0, which synthe-
izes the most important elements and relationships of the
nfection and transmission process. The basic reproduction
umber, R0, is deﬁned as the average number of secondary
nfections produced by a single infectious host introduced
nto a susceptible host population (Galvani, 2003). For a
eterministic model, an infectious agent can invade the
ost population if R0 > 1, whereas it cannot if R0 < 1. For
 stochastic model, there is a ﬁnite probability, but less
han 1, that an epidemic will develop if R0 > 1, whereas on
verage, no epidemic will occur if R0 < 1.
The next generation matrix (NGM) approach is a gen-
ral method for deriving a theoretical expression for R0
hen the infectious individuals are divided into discrete,
isjoint cases (Diekmann and Heesterbeek, 2000; van den
riessche and Watmough, 2002). It is often used for math-
matical models of infections with underlying age or
patial structure, vector-borne diseases (e.g., malaria), sex-
ally transmitted infections (e.g., characterized with large
symmetries in transmissibility such as in transmission
f AIDS), multi-host pathogens (e.g., inﬂuenza) and ETIDs.ary Medicine 118 (2015) 196–206 197
However, in the epidemiology of ETIDs, the existing the-
oretical expressions for R0 derived using the NGM are
conﬂicting due to inconsistent interpretations of the role
that the environmental phase plays in the spread of ETIDs
(Bani-Yaghoub et al., 2012). The interpretations fall into
three unveriﬁed hypotheses that the contaminated envi-
ronment either: (H1) extends the host’s infectious period,
(H2) acts as a reservoir for the infectious agent, or (H3) has
both of these two  characteristics. Each of these hypothe-
ses leads to a different theoretical expression for R0 (R01,
R02, and R03). Although unveriﬁed, the hypotheses H1, H2
and H3 have been the basis of the existing models of ETIDs,
which lead to markedly different expressions for R0. For
example, the hypothesis H1 was implicitly assumed to hold
in studies of waterborne diseases (Tien and Earn, 2010),
salmonellosis in cattle (Chapagain et al., 2007), and a multi-
strain disease transmission (Breban et al., 2010), where
the contaminated environment is considered an extended
state of host infectiousness. This assumption leads to an
expression, R01, represented as a sum of two terms, cor-
responding to the host-to-host and environment-to-host
transmission pathways (such as shown in Eq. (5)). Accord-
ing to H2, in studies of salmonellosis in pigs (Gautam et al.,
2014), low-pathogenic avian inﬂuenza in birds (Bourouiba
et al., 2011) and toxoplasmosis in cats (Lélu et al., 2010), the
environment was assumed to act as a reservoir of infection.
Consequently, in the corresponding expression R02, the
interactions between the hosts and FLP populations were
represented with a square-root term involving the host-
to-host and environment-to-host transmission pathways
(such as shown in Eq. (6)), which is quite different from a
simple sum in R01. The hypothesis H3 and the correspond-
ing R03 were used to model salmonellosis in cattle and
cholera in human populations in an effort to consolidate the
hypotheses H1 and H2 into a single hypothesis and a sin-
gle method of obtaining R0 for ETIDs (Bani-Yaghoub et al.,
2012). Note that our R02 (and hypothesis H2) corresponds
to RIII0 and the scenario “(III)  Reservoir” in Bani-Yaghoub
et al. (2012), whereas our R03 (and hypothesis H3) corre-
sponds to RII0 and the scenario “(II) Transition-Reservoir” in
the same previous study.
We have previously demonstrated the three theo-
retical R0s agree at the threshold value 1 (i.e., when
R01 = R02 = R03 = 1) (Bani-Yaghoub et al., 2012). However,
they could differ substantially for particular parameter
values. This discrepancy can become a problem when
the theoretical expression for R0 is used to inform infec-
tion control (e.g., Bani-Yaghoub et al., 2011; Lanzas et al.,
2008a,b) because it could lead to a biased prediction about
the infection spread and the effort needed to control the
infection. For example, the concept of herd immunity
threshold (HIT), which denotes the proportion of the pop-
ulation that needs to be vaccinated in order to protect
it from an infection outbreak, is directly related to R0:
HIT = 1 − 1/R0 (Fine, 1993; Fine et al., 2011).
It should be remembered that a mathematical model is
a declarative representation of our understanding of the
world (Koller and Friedman, 2009). To conﬁrm model util-
ity, it is critical to determine how close these models are
to the “true” (and unknown) epidemiology of infectious
diseases. Indeed, if theory is to play a role in the solution
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Fig. 1. A compartmental model of Salmonella Typhimurium spread among
mice and their environment. Full and dashed lines indicate the dynam-
ics  of host and pathogen population, respectively. Refer to model in Eqs.
(1)–(4) for parameter explanation.
of problems in the epidemiology of infectious diseases,
it needs to be examined through data-orientated studies
allowing careful comparison of prediction with observation
(Anderson, 1991).
The validity of the three existing theoretical R0s should
be empirically tested and that could be achieved by com-
paring the theoretical R0s with an empirical (true) R0
(R0E) from an infection transmission experiment. Ideally,
the empirical system should involve an ETID with a well-
established experimental infection transmission model.
The system should allow manipulation of key parameters
while controlling the others; this includes the parameters
that determine the survival (and, if applicable, the growth
of FLPs in the environment). Finally, the system should be
relatively cheap to allow replication. Experimental trans-
mission of Salmonella Typhimurium in laboratory mice
represents such a model system (Lawley et al., 2008). More-
over, there already exist data from a small-scale infection
transmission experiment (Lawley et al., 2008) that would
allow preliminary testing of the validity of the theoreti-
cal R0s. In a small-scale infection transmission experiment
the empirical R0E could be estimated using a Martingale
approach for household data (Becker, 1989).
In the present study, Salmonella Typhimurium in labo-
ratory mice was used as a theoretical and empirical model
system with objectives to (i) estimate the theoretical R0s
(R01, R02, and R03) corresponding to the hypotheses H1, H2
and H3 using the NGM approach, (ii) estimate an empirical
R0E from published experimental infection transmission
data using a Martingale approach, and (iii) evaluate the
agreement between the theoretical and empirical R0s.
2. Materials and methods
2.1. Salmonella Typhimurium in mice model
To describe the transmission of Salmonella
Typhimurium among mice, we developed a compart-
mental model shown in Fig. 1. In this system, S, I, and R
denote the number of susceptible, infectious, and recov-
ered mice, respectively, and P denotes the load (count)
of FLPs in the environment. Transmission of infection
occurs primarily through contacts between susceptible
mice and the FLPs in the contaminated environment
(i.e., through indirect transmission, ∂SP). Direct trans-
mission via contact between susceptible and infectious
mice, ˇSI, is considered possible but deemed negligible
(rationale explained in section “Empirical data and modelary Medicine 118 (2015) 196–206
parameter values”). Infectious mice excrete a large number
of Salmonella Typhimurium into environment, I. Once in
the environment compartment, the count of Salmonella
Typhimurium cells (measured in colony-forming units,
CFUs) decreases due to natural decay (or cleaning) at a
rate r and could increase due to replication at a rate g. The
number of bacteria added to the population through repli-
cation is constrained with a logistic function (gP(1 − cP)),
where 1/c  is the environmental carrying capacity. After
recovery from infection at a rate v, mice remain immune
for a certain period of time after which they revert to full
susceptibility at a rate ˛. A number of new mice, b, are
introduced into the population through birth (immigra-
tion) into the susceptible compartment and they leave
the population (e.g., due to death) with equal rate, m,
from all host compartments. Infection induced mortality
is not considered. Note that this model system will have
a constant host population size (of size N = S + I + R) if the
number of mice introduced into the population (b) per
unit time is equal to the number of mice that leave the
population per unit time (mN), i.e., if b = mN. The model
parameters are deﬁned in Table 1. The accompanying
system of ordinary differential equations (ODEs) is:
dS
dt
= b − ˇSI − ıSP + ˛R − mS (1)
dI
dt
= ˇSI + ıSP − (m + v)I (2)
dR
dt
= vI − (  ˛ + m)R (3)
dP
dt
= I + gP(1 − cP)  − rP (4)
2.2. Deriving theoretical R0s
We  used the NGM approach to derive R0 for the model
described in Fig. 1. The NGM approach involves lineariz-
ing the ODEs for variables representing infectious states
about the disease-free equilibrium (DFE) to derive the
NGM = FV−1. In our system, the variables representing
infectious states are I and P. In the NGM approach, the
matrix F contains the terms related to new infections and
matrix V contains all remaining terms. The spectral radius
of the NGM is a theoretical expression for R0. It is known
that different interpretations of the host–pathogen inter-
actions will lead to different entries in the matrices F and V,
which leads to different expressions for R0 (Bani-Yaghoub
et al., 2012; van den Driessche and Watmough, 2002).
Speciﬁcally, for ETIDs the role of the environmental phase
in infection transmission is interpreted differently for each
of the hypotheses H1, H2 and H3. Table 2 shows how terms
describing states I and P are divided between the matrices
F and V for each of the three hypotheses. Speciﬁcally, H1
assumes that FLPs generated through growth in the envi-
ronment (g) and shedding by infectious hosts () represent
transitions during the host’s infectious period, H2 consid-
ers FLPs generated through growth (g) and shedding () as
new infectious entities, while H3 assumes that pathogen
shedding () is a transition during host’s infectious period
while pathogen growth (g) generates new infectious enti-
ties. A step-by-step derivation of theoretical R0s using the
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Table  1
Deﬁnitions and values (units) of model parameters in Fig. 1 that reﬂect Salmonella Typhimurium transmission in a group of laboratory mice described in
Lawley et al. (2008).
Notation Deﬁnition Value Reference
N Number of mice per cage 5 Lawley et al. (2008)
S0 Number of susceptible mice per cage at the start of the experiment 4 Lawley et al. (2008)
b Host birth rate (individuals day−1) (1/730) × N Harrison (2008)
m Host natural death rate (day−1) 1/730 Harrison (2008)
g Pathogen growth rate (day−1) 0.1 Assumed
1/  Infectious period (day) 35 Lawley et al. (2008)
 ˇ Host-to-host transmission (individual−1 day−1) 10−3 Assumed
ı  Environment-to-host transmission (CFU−1 day−1) 5 × 10−12 Assumed
  Pathogen shedding rate (CFU day−1 individual−1) 1.8 × 108 Lawley et al. (2008) and
Gibbons and Kapsimalis (1967)
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GM approach is shown in the supplementary material.
he derived theoretical expressions for R0, along with the
arameter values in Table 1, were used to estimate the
redicted values of R01, R02, and R03. Parameter values in
able 1 were chosen to reﬂect the empirical data described
n the next section.
.3. Empirical data and model parameter values
Published experimental small-scale infection transmis-
ion data on Salmonella Typhimuriumin laboratory mice
ere used (Lawley et al., 2008). Brieﬂy, a total of 11 repli-
ates of an experiment were conducted with mice 7–9
eeks of age. In each replicate, an inoculated (infectious)
ouse was placed in a cage with four naïve (susceptible)
ice and followed up for up to 58 days. An orogastric inocu-
ation using oral gavage and a dose of 108 CFU of Salmonella
yphimurium was used for inoculation. Bedding, food
nd water were changed every 7 days. The infected mice
eveloped a subacute infection lasting 30–40 days with
ontinual shedding during that period. Mice infected by
atural exposure were indistinguishable from the inoc-
lated animals in terms of the Salmonella Typhimurium
ecal shedding levels and pattern, IgA levels, and levels
f colonization at mucosal and systemic sites. In ﬁve out
f 11 cages all susceptible mice became infected. In one
able 2
plitting the terms into F and V matrices.
Term 
Newly infected mice through host-to-host transmission (ˇS0) 
Newly infected mice through environment-to-host transmission (ıS0) 
Mice leaving out of the infectious compartment due to recovery or death (−(m 
Pathogen leaving out of the environment due to natural decay and cleaning (−r
New  pathogen cells in the environment through host’s fecal shedding () 
Newly  generated pathogen in the environment through replication (g) 
ote of explanation of the discrepancies between the hypotheses: H1 assumes tha
nfectious hosts () represent transitions during the host’s infectious period and s
rowth (g) and shedding () as new infectious entities and so both terms are pl
uring  host’s infectious period, and so the term is placed in matrix V, while pathog
n  matrix F.7 Lawley et al. (2008)
 are not shown here because they were not part of the derived theoretical
ted values of theoretical R0s).
of 11 cages a single susceptible mouse became infected,
and none became infected in the remaining ﬁve cages.
The initial and ﬁnal numbers of infected mice in these 11
cages are shown in Appendix, Table A1. These data were
used to estimate the value of empirical R0E for Salmonella
Typhimurium in mice using a Martingale approach for
household data (Becker, 1989). A step-by-step estimation
of an average R0E with its 95% conﬁdence interval (CI) is
shown in Appendix.
Based on the available information in the above experi-
ment, the model parameter values in Table 1 were selected.
The length of infectious period (1/) was  set to 35 days,
which was a mid-point in the range of the reported lengths
of fecal shedding. Based on the frequency of changing
bedding, water and feed, and assuming that these clean-
ing practices eliminated FLP from the environment, the
length of FLP persistence in the environment (1/r) was
set to 7 days. The pathogen shedding rate was  calculated
as a product of an average amount of feces produced
per mouse (1.8 g) per day and what in Lawley et al.
(2008) seemed to be the most commonly observed shed-
ding rate in the experiment (108 CFU/day/mice). The exact
values of host-to-host transmission (ˇ) and environment-
to-host transmission (ı) rates were unknown and they
were assumed to be equal to 10−3(mice−1 day−1) and
5 × 10−12 (CFU−1 day−1), respectively, with the following
Hypothesis Generating new
infectious entities
(F matrix)
Other
transitions (V
matrix)
H1 = H2 = H3 x
H1 = H2 = H3 x
+ v)) H1 = H2 = H3 x
) H1 = H2 = H3 x
H1 x
H2 x
H3 x
H1 x
H2 x
H3 x
t FLPs generated through growth in the environment (g) and shedding by
o both terms are placed in matrix V; H2 considers FLPs generated through
aced in matrix F; H3 assumes that pathogen shedding () is a transition
en growth (g) generates new infectious entities, and so the term is placed
e Veterin200 R. Ivanek, G. Lahodny Jr. / Preventiv
rationale. To our knowledge, there are no modeling studies
of Salmonella Typhimurium in mice. However, the value
we use for the indirect transmission rate was informed
from publications on modeling the spread of Salmonella
Typhimurium in other animal species; the transmission
rate used in previous studies served as a point of refer-
ence for a reasonable value. For example, in their study
of Salmonella Typhimurium transmission in pigs, Gautam
et al. (2014) used the value of 7.5 × 10−11 (CFU−1 day−1)
as the indirect transmission rate, which they obtained
through model calibration against empirical data. The
direct transmission rate was intentionally set to a low
value, because Salmonella Typhimurium transmits among
mice through a fecal oral route via contaminated environ-
ment and the probability of direct transmission from an
infected mouse right at the moment it excretes contam-
inated feces is likely be very low. Even if the infection
transmits via grooming, Salmonella Typhimurium that a
mouse may  have on its skin or hair originates from the con-
taminated environment to where it was excreted by any
infectious mouse, potentially even several days in the past
(and potentially after FLP replication in the environment).
Temperature and humidity conditions in the experiment
were unknown though they were likely within the accept-
able temperature and humidity standards for laboratory
experimental mice, which are 18 ◦C–26 ◦C for temperature
and 30–70% for humidity (NRC, 1996). Predictive model-
ing of Salmonella growth has been extensively studied in
a variety of food products but rarely in other media. A
mathematical modeling study of Salmonella Typhimurium
transmission in pigs (Gautam et al., 2014) considered a
growth rate in the environment of 0.25/day based on a
report on Salmonella Choleraesuis growth in pig manure
(Gray and Fedorka-Cray, 2001). However, environment in
a mice cage is likely to provide less suitable environment
for Salmonella Typhimurium growth than manure. There-
fore, the value of the pathogen growth rate (g) in the cage
environment was assumed to be modest, 0.1/day. The cho-
sen growth rate value implies a pathogen doubling time
of almost 7 days [estimated as ln(2)/g  = ln(2)/0.1 = 6.9]. The
rate of natural mortality (m)  was set to 0.00137/day based
on reports on survival of laboratory mice of approx. 2 years
(Harrison, 2008). Then to mimic  the constant population
size in the experiment, a birth rate (b) was set to be equal
to mN (where N is the number of mice in the cage). Because
m is on a much slower scale than the observed and modeled
infection transmission, it did not affect the results. The val-
ues of the length of immune period (1/˛) and carrying
capacity (1/c) were not obtained because they were not
part of the derived R0 expressions meaning that they do
not affect the results.
2.4. Analysis
To evaluate the difference between the estimated R0E
and an individual predicted theoretical R0, we  used a
graphical approach where a predicted theoretical R0 value
laying within the 95% CI of R0E was interpreted as a
lack of support to reject the R0 and its correspond-
ing hypothesis. Sensitivity analysis was conducted on
the model parameters that could be manipulated underary Medicine 118 (2015) 196–206
experimental conditions to assess robustness of results
to potentially incorrect model parameters and to inform
future experiments. This was  achieved by plotting the pre-
dicted theoretical R0 values for the varying values of the
rate of pathogen shedding (), the length of FLP survival in
the environment (1/r), and the duration of host infection
(1/). Sensitivity analysis was also performed to assess the
effect of uncertainty in the assumed model parameters (ˇ,
ı and g) by changing the value of these parameters by ±25%
of their baseline value and plotting the results for varying
values of  , 1/r, and 1/.
3. Results
Using the NGM approach we derived the theoretical R0
expressions corresponding to the hypotheses H1, H2, and
H3 and we show them in Eqs. (5)–(7):
H1 : R01 = R0d + R0in/(1 − R0g ) (deﬁned only for r > g)
(5)
H2 : R02 =
1
2
(
R0d + R0g +
√
(R0d − R0g )
2 + 4R0in
)
(6)
H3 : R03 = 12
(
R0d + R0g + R0in +
√
(R0d + R0in − R0g )
2 + 4R0g R0in
)
(7)
where R0d = ˇS0/(m + v), R0in = ıS0/r(m + v), and R0g =
g/r
The quantities R0d and R0in correspond, respectively, to
the average number of secondary infections through host-
to-host and environment-to-host transmission caused by
one infectious individual in its infectious lifetime (Bani-
Yaghoub et al., 2011). The quantity R0g can be interpreted
as the contribution to R0 from the FLP in the environment
(expressed as the expected number of secondary cells of
FLP produced by one cell of FLP during its time in the envi-
ronment) (Gautam et al., 2014).
For the parameter values in Table 1, the three R0
expressions in Eqs. (5)–(7) resulted in different theo-
retical predictions: R01 = 2.94, R02 = 1.38 and R03 = 1.62.
Fig. 2 shows how predicted R01, R02 and R03 vary
for different values of the length of infected period
(1/), pathogen shedding rate () and the length of
survival in the environment (1/r). Note that R01 is unde-
ﬁned and consequently unrealistic values of R01 are
predicted for parameter space characterized with r ≤ g
(Figs. 2c and d, 3c and d, and 4c and d). The results of sen-
sitivity analysis in Figs. 3 and 4 demonstrate the effect of
uncertainty in the values of indirect transmission rate (ı)
and growth rate (g) on the theoretical predictions. Increas-
ing and decreasing the rate of indirect transmission by 25%
of its baseline value resulted, respectively, in the predicted
values of 3.64 and 2.24 for R01, 1.48 and 1.26 for R02, and
1.83 and 1.4 for R03. Similar results were obtained for sen-
sitivity analysis of the pathogen growth rate except that
growth rate had much stronger effect on the predictions for
R01; increasing and decreasing the rate of pathogen growth
rate by 25% of its baseline value resulted, respectively, in
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Fig. 2. Predicted values of the three theoretical R0s (R01, R02 and R03) for Salmonella Typhimurium transmission in a group of laboratory mice based on
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or  the parameter values in Table 1. Gray horizontal broken and full lines
he predicted values of 6.87 and 1.91 for R01, 1.49 and 1.27
or R02, and 1.78 and 1.45 for R03.
The empirical R0E for the modeled Salmonella
yphimurium in mice experiment was estimated to
e equal to 1.58 with 95% CI: 1.14, 2.02. These results are
lotted in Figs. 2–4 along with the estimated theoretical
0s to allow comparison.
. Discussion
The basic reproduction number, R0, is considered as one
f the foremost and most valuable ideas that mathemati-
al thinking has brought to epidemic theory (Heesterbeek &
ietz, 1996). “All you need to know about an infectious dis-
ase is its R0!” was a popular catch-phrase from the 1990s
Heesterbeek and Roberts, 2007). These statements illus-
rate the utility and popularity of R0 in the epidemiology
f infectious diseases. However, to be useful, the theoretical
xpressions for R0 must be valid. The existing theoretical
0s for ETIDs disagree in their interpretation of the role of
he environmental phase in the transmission of these infec-
ions. It is unclear which, if any, of these interpretations of
he role of the environmental phase is valid. Here we used
almonella Typhimurium in laboratory mice as a theoreti-
al and empirical model system and assessed the validity of
hese interpretations by comparing theoretical predictions
ith estimates of true R0 from published experimental
ata.fectious period, (b) pathogen shedding rate, and (c) length of pathogen
er range of R0s. Black dots indicate the estimated theoretical R0 values
he mean and the 95% CI of the empirical R0 (R0E).
The three theoretical R0 expressions (R01, R02 and
R03) derived according to the hypotheses H1, H2 and H3,
were considerably different. Different expressions resulted
in different values of R0 for the baseline model param-
eters, with similar values of R02 (1.38) and R03 (1.62)
and approximately two-times larger value of R01 (2.94).
When predicted R0s were plotted for varying values of the
length of infectious period, shedding rate and pathogen
survival in the environment, the three R0s agreed on the
threshold value of one which was  expected (Bani-Yaghoub
et al., 2012). Likewise, as reported in Bani-Yaghoub et al.
(2012), the relationship between the three R0s was pre-
served with R01 > R03 > R02 for R0s > 1 and R01 < R03 < R02
for R0s < 1. The exceptions were the predictions of R01 for
the scenarios where r ≤ g and R01 was undeﬁned. That
means that under the conditions where the pathogen stays
in the environment long enough to increase in number
through replication, R01 is undeﬁned and any predictions
made under those conditions are unrealistic. For example, if
g = 0.1 (corresponding to a doubling time of approximately
7 days) and r = 0.09 (corresponding to the survival length in
the environment of 11 days), the predicted R01 = −13.09.
Bani-Yaghoub et al. (2012) reported that the differences
between R01, R02 and R03 are negligible when R0in is small
and R0d > R0g . Indeed, when pathogen persists little in
the environment, the environmental transmission could
be safely approximated as a direct transmission (Breban,
2013). However, for ETIDs R0in is usually large and there-
fore differences between R01, R02 and R03 can be large,
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Fig. 3. Sensitivity analysis of the effect of uncertainty in the indirect transmission rate (ı) on the theoretical R0 (R01, R02 and R03) predictions. Plotted are
the  results for the indirect transmission rate of 6.25−12/CFU/day (i.e., a 25% increase from the baseline value) and 3.75−12/CFU/day (i.e., a 25% reduction
from  the baseline value), represented with a thicker and thinner line of a line type representing a particular theoretical R0, respectively, while also varying
the  values of (a) the length of infectious period, (b) pathogen shedding rate, and (c) length of pathogen survival in the environment. Plot (d) shows the
es are in
ission rresults in plot (c) but for a narrower range of R0s. Other parameter valu
parameter values in Table 1 and the changed value of the indirect transm
of  the empirical R0 (R0E).
as demonstrated in Figs. 2–4. A type-reproduction num-
ber for the host population, R0H, has been considered for
infectious diseases with complex life cycles such as ETIDs
(Heesterbeek and Roberts, 2007). However, Bani-Yaghoub
et al. (2012) demonstrated that irrespective of the hypoth-
esis, H1, H2 or H3, R0H is always equal to R01. The caveat
is that, just like R01, R0H is undeﬁned for scenarios when
r ≤ g, i.e., when the pathogen can sustain itself in the envi-
ronment. The utility of R0H in the epidemiology of ETIDs is
thus limited.
Theoretical models of infection transmission must be
empirically tested (NRC, 2001). Infection transmission can
be quantiﬁed empirically in small-scale laboratory experi-
ments (Velthuis et al., 2007). Here we used published data
from such an experiment on Salmonella Typhimurium in
laboratory mice (Lawley et al., 2008). The estimated empir-
ical R0E in the experiment was 1.58 (95% CI: 1.14, 2.02).
Interestingly, the predicted values of R02 and R03 for base-
line model parameters were within the estimated 95% CI
of the empirical R0E indicating lack of evidence to reject
validity of either of them (and their underlying hypothe-
ses). The predicted R01 for the baseline model parameters
was consistently outside of the 95% CI of R0E. The only
exceptions were the results of sensitivity analysis with
a 25% reduced value of the growth rate. These results Table 1. Black dots indicate the estimated theoretical R0 values for the
ate. Gray horizontal broken and full lines depict the mean and the 95% CI
suggest that H1 is unlikely to hold true for ETIDs, at least for
ETIDs whose agents possess a considerable ability to grow
and survive in the environment. However, because of the
current uncertainty in the value of the pathogen growth
rate in the empirical data, the validity of H1 could not be
conclusively rejected.
Pathogen shedding rate and environmental persistence
had a profound effect on the theoretical R0 predictions. For
example, for shedding rate of 109 CFU/mouse/day,
the predicted R02 = 2.60 and R03 = 5.49 while for
1010 CFU/mouse/day, the predicted R02 = 7.26 and
R03 = 47.59 (results not shown). Thus, an experiment
with mice shedding at a high rate would separate the
theoretical predictions for R02 and R03 and allow one to
determine which of the two is valid. Conveniently, a “super
shedding” model of Lawley et al. (2008), where all mice are
predisposed for super-shedding phenotype (with shedding
rate > 108 CFU/g feces) by treatment with neomycin sulfate
several days before the experiment, would make such an
experiment possible. Salmonella bacteria are capable of
surviving over prolonged periods (months) in the abiotic
environments (e.g., soil and water). In the Lawley et al.
(2008), bedding, water and feed were replaced every 7
days, suggesting that Salmonella Typhimurium survival
was  7 days. Salmonella Typhimurium survival in the
R. Ivanek, G. Lahodny Jr. / Preventive Veterinary Medicine 118 (2015) 196–206 203
Fig. 4. Sensitivity analysis of the effect of uncertainty in the pathogen growth rate (g) on the theoretical R0 (R01, R02 and R03) predictions. Plotted are the
results for growth rate of 0.125/day (i.e., a 25% increase from the baseline value) and 0.08/day (i.e., a 25% reduction from the baseline value), represented
with a thicker and thinner line of a line type representing a particular theoretical R0, respectively, while also varying the values of (a) the length of infectious
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f  R0s. Other parameter values are in Table 1. Black dots indicate the esti
alue  of the growth rate. Gray horizontal broken and full lines depict the 
nvironment could be manipulated under experimental
onditions, for example by changing the frequency of
edding, water and feed replacement, moisture content,
nd ambient temperature and humidity. Increasing the
ength of pathogen survival in the environment would
ush apart the theoretical predictions for R02 and R03,
hich would assist their validation against empirical data.
or example, assuming a modest pathogen growth rate
f 0.1/day (as the one assumed here) and the length of
athogen survival in the environment of 15 days (g/r = 1.5),
he predicted R02 = 2.32 and R03 = 3.38. In the available
mpirical data (Lawley et al., 2008), the rate of pathogen
rowth was unknown and thus we considered it uncertain.
owever, it is known that Salmonella bacteria thrive in wet
nvironments and can grow between 8 and 45 ◦C. There-
ore, the pathogen growth rate could also be manipulated
nder experimental conditions by manipulating ambient
emperature and humidity within the limits of what is
thically acceptable in an animal experiment.
The uncertainty sensitivity analysis indicated the
mpact of the assumed values of the indirect transmission
ate and the growth rate on the theoretical predictions.
enerally, the differences between the values of R01, R02,
nd R03 decreased when the values of ı and g decreased.
imilarly, increasing values of ı and g produced a greater
ifference between the predicted R0 values. Therefore,
nowing the true values of these parameters would enable
ore precise prediction of the theoretical R0s. Futureironment. Plot (d) shows the results in plot (c) but for a narrower range
eoretical R0 values for the parameter values in Table 1 and the changed
d the 95% CI of the empirical R0 (R0E).
empirical studies should address this information gap to
assist identiﬁcation of the valid R0 expression (and the
underlying hypothesis). The direct transmission rate had
only a negligible effect on the results (results not shown),
which was  expected because this parameter was intention-
ally set to a low value based on the understanding of the
infection transmission mechanism.
The present study has a few limitations. The empirical
estimate of R0E was  based on the published experimen-
tal data whose original purpose was  to study transmission
and pathogenesis of Salmonella Typhimurium in mice. The
available data allowed estimation of a single R0E mea-
sure with a relatively wide CI. Values of several of our
model parameters (ı, g and ˇ) were based on assump-
tions due to a lack of information, while the values of
other model parameters may  have been misinterpreted
from the used empirical data. Recognition of these limi-
tations could inform a better design of future studies at the
interface between empirical and theoretical approaches.
Speciﬁcally, a larger number of replicates would reduce the
CI of R0E and assist in identifying a single valid hypothe-
sis. Experimental results obtained for two or more diverse
sets of conditions (e.g., in terms of different lengths of
pathogen survival and shedding rates) would further assist
the hypothesis testing process because they would provide
more than one agreement point that a theoretical R0
needs to correctly predict to be considered valid. Finally,
collecting information on the mice infection status and
e Veterin
Here we provide a step-by-step description of calcu-204 R. Ivanek, G. Lahodny Jr. / Preventiv
pathogen load in the environment during the experiment,
would allow estimation of the infection transmission rate
(e.g., using a generalized linear model) while growth assays
could be conducted to obtain a better understanding of the
pathogen growth rate in the environment.
5. Conclusions
Using Salmonella Typhimurium in laboratory mice as a
theoretical and empirical model system the current study
estimated the values of theoretical R0s (R01, R02, and
R03) corresponding to the existing, unveriﬁed hypotheses
about the role of the environmental contamination in the
spread of ETIDs (H1, H2 and H3). For the same model sys-
tem we estimated the true, empirical R0E using published
experimental infection transmission data and evaluated
the agreement between the theoretical and empirical R0s.
The comparison did not allow for ﬁnal identiﬁcation of
the valid hypothesis. However, the results were used to
derive future study designs that would allow conclusive
identiﬁcation of the valid hypothesis (and its correspond-
ing theoretical R0). Once the valid hypothesis about the role
of the environmental phase in the spread of ETIDs and the
corresponding theoretical R0 are identiﬁed, ecological con-
ditions could be identiﬁed for which the hypothesis could
be relaxed without biasing the results and the subsequent
studies could be designed to verify the generalizability of
the ﬁndings beyond the empirical system used here. In that
regard, the present study may  serve as a template for an
integrated empirical and theoretical approach to research
of R0 in the epidemiology of ETIDs.
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Appendix.
In a Martingale approach for household data (Becker,
1989) we ﬁrst estimate a measure of the potential that an
infective has for infecting a given susceptible, ˆ:
ˆ = 1∑n
j=1R(TN)
n∑
j=1
B (8)
where
S(TN )+1∑ 1 1 1 1 1B =
i=S0
i
=
S0
+
(S0 − 1)
+
(S0 − 2)
+ · · · +
(S(TN) + 1)
(9)ary Medicine 118 (2015) 196–206
In the above equation, TN denotes the time when the
infectious process of an epidemic ends (i.e., the infection
stopping time in an experiment). For an ETID, TN is the ear-
liest time when either (i) every infected individual has been
removed and there are no FLPs in the environment (e.g., in
the experimental cage) or (ii) there are no susceptible left
in the experiment. The term R(TN) is the ﬁnal size of the
epidemic at the observed stopping time TN and S(TN) is the
number of susceptibles remaining at the end of the epi-
demic (i.e., at TN). TR is a special case of TN and denotes
stopping time when there are no susceptibles left in the
experiment (i.e., S(TN) = 0) meaning that all susceptibles
became infected and so TN and R(TN) could not be observed.
In practice, the R(TN) can be replaced with R(TR) − Z, where
Z is the size of the last generation of cases and R(TR) is the
ﬁnal size of the epidemic at the stopping time TR, and so
Eq. (8) can be rewritten as:
ˆ = 1∑n
j=1 [R (TR) − Z]
n∑
j=1
B (10)
where the term R(TR) − Z represents the observed ﬁnal
epidemic size corrected for the wasted amount of infec-
tious period spent at a time when there are no susceptible
left to infect. Eq. (10) reduces to Eq. (8) when there are
susceptibles left at the end of the experiment (i.e., when
S(TN) > 0) because R(TR) = R(TN) when Z = 0. We  use the
term B in Eqs. (8) and (10) to denote the progress of the
epidemic over time that is predictable solely based on
the observed information about the number of suscepti-
bles at the start of the experiment, S0, and the number
of susceptibles remaining at the end of the epidemic
S(TN) [i.e., B =
∑S(TN )+1
i=S0 1/i = 1/S0 + 1/(S0 − 1) + 1/(S0 −
2) + · · · + 1/(S(TN) + 1)]. Next, following the Eq. (8) the val-
ues of B and R(TN) (or R(TR) − Z in Eq. (10), if applicable)
for a particular experimental replicate are added over n
independent replicates and the ratio of the obtained sums
represents the value of ˆ. The value ˆ can be interpreted as
a product of the unmeasured overall rate of infection trans-
mission and the overall duration of infectious period that
absorbs both the duration of host infectiousness and the
duration of pathogen persistence in the environment.
The standard error of ˆ,  SE(ˆ), is estimated as:
SE(ˆ) = 1
n∑
j=1
[R(TR) − Z]
⎡
⎣ n∑
j=1
{B − ˆ[R(TR) − Z]}
2
⎤
⎦
1/2
(11)
where [R(TR) − Z] = R(TN) for S(TN) > 0.
Finally, R0E is estimated as R0E = ˆS0 (12)
and the approximated 95% CI is
{R0E − S0(1.96)[SE(ˆ)], R0E + S0(1.96)[SE(ˆ)]} (13)lations involved in the estimation of ˆ and R0E using
the data from Lawley et al. (2008). Each of the 11 repli-
cates of the experiment started with introduction of an
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Table  A1
Experimental data on Salmonella Typhimurium transmission in mice (Lawley et al., 2008) and calculations involved in estimation of empirical R0E .
(a) (b) (c) (d) (e) (f) (g)
R(TN) S(TN) R(TR) Z Freq. B R(TR) − Z (a) × (b) (a) × (c) (b) − ˆ × (c) (a) × (f) × (f)
5 0 5 1 5 2.083 4 10.42 20 0.5031 1.265
2  3 2 0 1 0.250 2 0.25 2 −0.5401 0.292
1  4 1 0 5 0.000 1 0.00 5 −0.3951 0.780
Total  10.67 27 2.338
Notations: Column names (a)–(g) are introduced to assist explanation of mathematical operations; TN = end of the epidemic, which is the earliest time when
either  every infected individual has recovered and there no free-living pathogens in the environment or there are no susceptible left in an experiment;
R(TN) = ﬁnal size of the epidemic at the observed stopping time TN; S(TN) = the number of susceptibles remaining at the stopping time TN ;R(TR) = the ﬁnal
size  of the epidemic at the time of ﬁnal removal (TR), which occurs when S(TN) = 0 meaning that there are no susceptible left in an experiment and so TN
and R(TN) are not observable; Z = the size of the last generation of cases if in an experiment all mice became infected, zero otherwise; Freq. = Frequency
of  experiments of a particular outbreak type deﬁned by a particular combination of R(TR), S(TN) and Z; B = the progress of the epidemic over time that is
predictable based on the observed information about the number of susceptibles at the start of the experiment (S0 = 4) and the number of susceptibles
remaining at the end of the epidemic, S(TN); R(TR) − Z = the inferred ﬁnal epidemic size corrected for the wasted amount of infectious period spent at a time
when  there are no susceptible left to infect; ˆ the measure of the potential that an infective has for infecting a given susceptible, which, in the context of
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Fine, P., Eames, K., Heymann, D.L., 2011. Herd immunity: a rough guide.nvironmentally transmitted infectious diseases, can be interpreted as a 
uration of infectious period that absorbs both the duration of host infect
nfected mouse into a cage with 4 susceptible mice; i.e.,
n all replicates S0 = 4. The ﬁrst two columns in Table A1
how the observed combinations of the numbers of R(TN)
nd S(TN) and Freq. in column (a) indicates the number
f cages with the particular outbreak type determined by
he particular combination of R(TR), S(TN) and Z. Since in
ve cages, at the end of the epidemic all mice became
nfected, we need the value Z. This information is not indi-
ated in Lawley et al. (2008) and we assume that Z = 1 for
ll ﬁve cages based on the assumption that salmonellosis
as likely spread at a relatively slow pace in these exper-
ments (however, note that a larger Z for any of the ﬁve
ages would result in a slightly increased estimate of R0E).
ow we need to calculate B using the Eq. (9) (column (b)
n Table A1), as well as R(TR) − Z (column (c) in Table A1)
or each outbreak type. Taking an example, for the out-
reak type with R(TR) = 5, S(TN) = 0, and Z = 1, and recalling
hat S0 = 4, B = 1/(S0) + 1/(S0 − 1) + ·  · ·+1/(S(TN) + 1) = (1/4) +
1/3) + (1/2) + (1/1) = 2.08. Next, we need to add the val-
es of B over all cages by multiplying B for a particular
utbreak type with the frequency of cages with the respec-
ive outbreak type (column (a)). This calculation is shown
n column (d). Finally, we sum over all cross-products
n this column. Similarly we sum R(TR) − Z over all cages
y multiplying estimated R(TR) − Z with their respective
requencies. This calculation is shown in column (e). All
ross-products in this column are summed and then, using
he Eq. (10), the total of 10.67 in columns (d) and the total
f 27 in column (e) we estimate ˆ = 10.67/27 = 0.395.
o estimate the associated SE using Eq. (11) we need to
ultiply the observed frequencies of each outbreak type
n column (a) with the respective squared value of B −
ˆ[R(TR) − Z] (this is shown in column (g)); summing over all
utbreak types we obtain the value 2.338. Using this esti-
ate (2.338) and the total of 27 in column (e), we obtain
E(ˆ) = (2.338)1/2/27 = 0.057. Recall that at the start of
ach experimental replicate, there were 4 susceptibles (i.e.,
0 = 4). Now, using Eq. (12), we estimate R0E = 1.58. The
orresponding 95% CI (1.14, 2.02) is approximated using
q. (13). of the unmeasured overall rate of infection transmission and the overall
s and the duration of pathogen persistence in the environment.
Appendix B. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
prevetmed.2014.11.003.
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